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TESTS OF THE NACA 63^-018 ATitFOIL SECTION 
WITH BOIINDARY--LA'iER CONTROL BY STJCTION 
By John H. QTilnn^ Jr, 



SUMMARY 



. Teats of the NACA 655-OI8 airfoil section with 

. boundary-layep control by suction have been made in the 
Langley two-dlTr.enslonal low -turbulence and Langley two- 
dimensional low- turbulence pressTire txinnels. Slots were 
tested at 30 and 75 percent and at I4.5 and 75 percent of , 
the airfoil chord at Reynolds numbers of I.9 and 6.0 x 10°. 
An attempt was made to remove only a moderate amount of 
air through the slots and to locate the slots so that the 
low-drag properties of the airfoil could be realized. The 
results of these tests were compared with results for a 
plain NACA 655-018 airfoil section. 

A maximum section lift coefficient of 1,85 at a 

Reynolds number of 6.0 x 10^ was obtained on the NACA 
655-018 airfoil section with boundary- layer control 
when the total amount of air removed corresponded to a 
flow having free-stream velocity- through an area equal 
to approximately 1.2 percent of the wing area. This 
lift coefficient was found at approximately the same 
angle of loaximum lift as for the plain airfoil and with 
suction slots at I4.5 and 75 percent of the airfoil chord. 
The surface discontinuity, which wotild be found with a 
flush-tTpe sliding door placed at percent of the air- 
foil chord, would not impair the low-drag properties of 
'this airfoil section. 



INTRODTCTION 



Extensive investigations have been made to develop 
various types of device to increase the maximum lift of 
airfoils. The most common high-lift devices are the 
tralllng-edge flap and the leading-edge slat. Both 
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these devices have disadvantages; the flap produces 
high pitching moTnenta, whereas a slat definitely limits 
-the region of laminar flow and thus results In high drag 
even when retracted. 

The pxirpose of the present Investigation was to 
determine the increase In maximum lift coefficient that 
could be obtained with the arrangement of the NACA 
655-018 airfoil section presented herein by using 

boundary-layer control and removing only a moderate 
amount of air. Locatlnfj the slots so that the low-drag 
properties of the airfoil could be realized was given 
primary consideration in the design. By sucking low- 
energy air off the upper surface of the airfoil, separation 
of the flow at higli lift coefficients may be greatly 
delayed ctnd the straight oortlon of the lift curve may 
be extended bo higher angles of attack. 

The application of boundary- lai'sr control to increase 
maxlmu-Ji lift aeeois advantag'eous for use with tailless 
airplanes. Tlie bl.-sh plcching moTients associated with 
flaps, which would be prohibitive on such a design, and 
the high drag of leading-edge slats are avoided. 

In the present investigation, an NACA 655-OI8 sym- 

Tjetrlcal low-r3rag airfoil section was tasted In the 
Lan.^ley two-dimensional low- turbulence and the Langley 
two-dimensional low- turbulence pressure tunnels (desig- 
natod L'Ti? and TDP, respectively) at Reynolds numbers 
of approximately I.9 x 10^ and 6.0 x 106. 



SYMBOLS 



c 


airfoil chord 


°l 


section lift coefficient 


'^o 


section ani;le of attack 


°do 


section profile-drag coefficient 


b 


alrfoi?. span 


Uo 


free-stream velocity 


^0 


free-stream dynamic pressure 



\ 

\ 

\ 
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Hq free-atroam total pressure 

Q quantity rate of flow through slot 

total pressure Inside duct 

o^t blower drag coefficient; that is, profile -drag 
°1> coefficient equivalent to power required to 
discharge at 'free -stream total pressure air 
withdrawn from turbulent' boundary 



layer 



°drp total section drag coefficient ^c^q + ^do^) 

Cq flow coefficient \^ 

p static pressTire on airfoil stirface 

u velocity inside boimdar^ layer 

U local velocity outside boundary layer 

5 pressure coefficient 

6 total thiclcness of. boundary layer 

7 perpendicular distance above airfoil surface 
6 momentum thickness of boundary layer 



9 uuvLa.u.a.i'y 



6''^ displacement boundary-layer thioJmess 



H shape parameter 
R Reynolds number 
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Subscripts : 



50 



at ^0 percent of the airfoil chord 



k.3 



at 1^3 percent of the airfoil chord 



75 



at 75 percent of the airfoil chord 



MODEL AKD TESTS 



The airfoil used In the present Investigation was 
a 36-lnch-chord wooden model of the KACA 653-OI8 airfoil 

section, which was painted and pretsared for tasting by 
the methods described In reference 1, The slots and 
ducting arram^ement are shown In figure 1. The slots 
were used in pairs; either the slots at 0,30c and 0.75c 
or the slots at O.'^^c and 0.75c were used together. 

Air was aiicked off t\\e u^per surface through the 
slots into the ducfca in the model and out through the 
side of the tunnel. Outside the tunnel, the air from 
each slot was piped through an individual Venturi to 
the inlet of a blower. The quantity of air flow was 
datorminod by measuring total and static pressures In 
the Venturi throat. Total-preasure tubes were placed 
insire the wing ducts to determine the loss in total 
pressur3 Incurred in sucldng the air throTigh the slots. 
In order to measure this loss for the slots at O.3O0 
and 0,lj.5c, one total-pr'33sure tube was fastened to vhe 
downstream wall of the forward duct; for the slot at 
0.75c, one total-pressiire tube was fastened to the 
upstream wall of the rear duct. 

Approximately twice as much air was sucked from 
the wing through the rear slot as through the front 
slot. Preliminary tests were Eiade with tufts to 
determlno the correct proportion of the total flow to 
be removed through each slot for effective operation. 

Pressure-distribution measurements were made by 
placing a small static-pressure tube at a series of 
chordwlse stations about 3/32 inch above the airfoil 
surface. At each station, the tube was bent to approgcl- 
mate the contour of the airfoil. Lifts obtained from 
Integration of pressure-distribution diagrams obtained 
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by tbls method have been found to be In good agreeiaent 
with the lifts- obtalned-frcMi foroe- tests. ^ - Lift was 
detemlnad by Integrating the pressures along the floor 
and celling of the tunnel test seotlon. External drag 
was meaHured by the wake-survey method,- Both lift and 
drag coefficients have been corrected for tunnel-wall 
Interference. Boundary-layer m^asureiiwntB were made by 
the method described In reference 2. 

The values of ^^o^ ' ^o3?e calculated on the assumption 

that the air removed from the boundary layer was exhausted 
at free-stream total pressure. When the power required 
for boundary-layer control Is calculated on this basis, 
there are no additional power effects due to an excess 
or defect of total pressure at the point where the 
boundarT^layer air Is exhausted. iBhe required power was 
furnished by a machine that was assumed to be 100 percent 
efficient. 



RESULTS AND DISCUSSION 



!I!he lift characteristics of the NACA 63^-018 airfoil 
section with and without boundary- layer control are 
presented in figure 2. The characteristics for the plain 

airfoil at a Re Arnolds number of 6.0 x lO^ were taken from 
previous tests of a 2l|.-lnch- chord model of the NACA 
655-018 airfoil section in the TDT (unpublished). A 

maximum section lift coefficient of I.83 was obtained In 

the TDT at a Reynolds number of 6.0 x 10^ for a flow 
coefficient of 0.0120. For' this flow coefficient, the 
total amount of air removed from the boundary layer 
corresponded to a flow with free-stream velocity through 
an area equal to approximately 1.2 percent of the wing 
area. 

Figure 3 shows that, at an angle of attack near 
maximum lift and for a given lift coefficient below a 
flow coefficient of 0.0120, more air was required for 
the slots at 0.ii.3c and 0.75c than for the slots at 
0.30c and 0.73c. This phenomenon may be explained by 
the fact that the boundary layer was thinner at 0.30c 
than at 0.i|.5c,and, consequently, less air was required 
to control the boundary layer with the slot at 0.30c 
than with the slot farther downstream. Figure 3 also 
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Indicates that, at an angle of attack near maxlmim lift 
and for a given lift coefficient, a^lower flow coeffi- 
cient was required at R = 6.0 x 10° than at 

R = 1,9 X 10^. Since the boundary layer was thinner at 
the hlghex* Reynolds number, relatively less air was 

reqvilred to control the boundary layer at a Reynolds 
nmber of 6,0 x 10^ than was required at a Reynolds 

number of 1,9 x 10^. No Improvement could be obtained 
other than a straightening of the lift curve; therefore, 
greater Increments were possible at the lower Reynolds 
number. At an angle of attack of 12.1|.°, the favorable 
effect of Reynolds number Is clearly shown and the 
difference between the curves for the slots at O.^Oc 
and 0.750 Bnd at 0.i|.5c and 0.75c has disappeared. 

Little scale effect on maximum lift Is evident In 
figure 2 at the maximum flow rate for the test Reynolds 
number range. At a Reynolds number of I.9 x 106, the 

angle of maximum lift was — higher for the airfoil with 

slots than for the plain airfoil. At a Reynolds number 
of 6.0 X 10°, the angle of maximum lift was approxi- 
mately 3° lower for the airfoil with slots than for 
the plain airfoil, Ih the LTT, at a Reynolds number 
of 1.9 X 10^, the maximum lift coefficlem; at the highest 
flow rate was found to be limited by stalling at the 
leading edge; the position of the stall was determined 
from tuft studies. From th6 similarity of the break at 
maxlm.um lift for the conditions tested, maximum lift at. 
the highest flow rate for a Reynolds nvimber of 6.0 x 10^ 
seemed also to be limited by stalling at the leading 
edge. A few exploratory measurements at a Reynolds 
number of 6.0 x 106 Indicated that little' further gain 
In maximum lift could be obtained by Inoreas-lng the flow 
rate above 0.0120. 

The increases in maximum lift coefficient, which 
are made possible by boundary-layer control, are due to 
the increased slope of the lift curve in the range of 
high lift coefficient - that is, to the extension of 
the straight oortion of the lift curve to higher angles 
of attack. As long as separation moves fbrward from 
the trailing edge without moving forward of the suction 
slots, boundarv-layer control is effective. When 
stalling at the leading edge limits the maximum lift 
coefficient, as was the case In the present investigation. 
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a slot; has to be placed extremely oloee to the leading 
edge of the airfoil to be effeotlye. ■ Since -laminar flow 
would- maintained with difficulty In the high-speed 
coiiditlian over a slot so placed, no attempt was made In 
the present Investigation to place a slot near the 
leading edge. 

The. amowit of air -'removed with boundary-layer 
oontroi.may be presented In terms of the displacement 
boundary^ ],ayer thlckneeis- immediately tipstream of the 
slot, A convenient nondlmenalonal fora-may be given 
by the expression Q/UO«b. When Q/D6«b reached a 
value of 1^ the slots were operating near maximum 
effectiveness. Increasing the flow above this value 
had no noticeable effect on further delaying separation. 

Drag characteristics of the NACA 633-OI8 airfoil 
section with and without boundary-layer control are 
presented in figure The model with the slot at 
O.I4.3C sealdd with "Scotch" cellulose tape (fig. i^-Cb)) 
approximates the plain airfoil, because transition on 
the NACA 655-018 airfoil section normally occurs at 
approximately 0.1^3c. At a Reynolds number of I.9 x 10", 
the drag of the airfoil with the slot at O.^Oc sealed 
(fig, l].(a)) is practically the same as that of the 
airfoil with the slot at Oii^^c sealed; therefore, the 
airfoil characteristics with the slot at 0.30c sealed 
are also thought to approximate those of the plain, 
airfoil," The measured values of external-drag coeffi- 
cient may be. obtained by deducting the blower drag 
coefficient given in figure 5 from the corresponding 
value of total drag coefficient given in figure 

An envelope curve, if drawn outside the polars for 
different flow ratea in figure would indicate that at 
the higher lift coefficients boundary-.layer control 
results in a. net reduction of drag. In figures U-ih) 
and l(.(o), at -lift coefficients below approximately 0,U.» 
higher drags are found with than wlthoTit boundary-layer 
control because of pressure -losses in the internal system 
Since no' separated flow occurs In this- range of lift 
coefficient., boundary^ la ysr control is not required azid 
some me.ans of sealing the slot for example , a sliding 
door - sho\ild be provided'. Figure- 14.(0") Indicates that, 
if the flow system is not sealed when no air is being 
removed^ serious drag Increases may be. expe^cted-. 
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Total- drag coeff lolent.s depend to a great extent on 
■,the way air la ducted 4-n'to and through, the modelv- '- No 
attempt was inade I'h the present investigation, however, 
to design more .efficient ducts and slots becaTiae high- 
lifts depend more on the quantity of air tiak^n -In than 
on the slot design. Further tests might' he devoted to 
the development of slots and wing ducts that minimize 
the power, required for houndary-layer control. 

- A comparison of the values of .o&q-^ In figure- 5 

Indicates that mucfh ihlghsr drag looses were encountered 
with slots at 0.30c and 0.75c' -than at ■Q»\\.^c and 
This condition la du3 primarily to the larger pressure 
difference against which tlr^e slot must operate at.0,30c. 
Because o.f these higher drag losses and because of the 
larger amount of laminar flow that can be obtained with 
the slot at 0.I4.SC than with the 9lot at.O.^Oc^ it appears 
more suitable from drag considerations to keep the slot 
as far; downstream as possible without losing effsctlve 
lift control. 

Values of the ratio of the amount of ali* flow through 
the rp.ar slot to that, through the front slot are presented 
In" figure 6, Tuft- a t?uclles, were, made during the test's 
for which data -are . shown. In figure 6(a).. The tufts 
indicated tbat, at the higjier angles of attack and hlghea* 
flow coefficients,' a flow ratio of 2 appeared to yi.eld 
the optimum lift effects. - In the rest of the tests / 
therefore, an attempt was made to maintain a flow ratio 
of approximately 2 (figs. 6(b) and 6(c)J. The curves of 
figure -6 do not represent a consistent variation of the 
air-flow ratio but merely TM?esent the ratio at seyeral 
angles of attack for a range of flow coefficient. 

Presaure-dis.tribution diagrams at maxiimam lift and 
at a Reynolds nundsjar.of I.-.9. ^ 10° for both slot configu- 
rations are presented in figure 7« There appears to be 

.little if any separated flow -even at maximum lift, 
Considerable pressure i.a recovered In passing over the 
slots. This recovery is due. primarily to the so-called 
gi.nls effect eaT^sed by supking air from the boundary layer, 

■ Ititegratlon of ^. these diagrams . combined wibh the integration 
of diagrams of .normal pressures plotted on a base line 
perpendicular /to 'the. chord line j^lelded a value of '-0.058 
for the section .pl.Jching-m6ment coef iflcle.nt . This value 
of thfir pitohlng-monjent' coefficient Indicates that tlie 
center of pressure is apjproxlmately 3 percent nearer the 
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trailing edge of tihe airfoil for a lift ooefflclent of 
1.85 than for the zero-lift condition. ^ . . 

In the region In which lift coefficients are lower 
than majclmtmi and correspondingly less air flow Is required. 
It Is thought that pitching moments approximating those 
of the plain airfoil may be realized. A pressure 
dlstrlhutlon on the plain airfoil at a Reynolds number 

of 6.0 X 10° and at maximum lift is presented in figure 7 
for comparison. 

The variation of the boundary-layer shape parameter H 
and the momentum thlclmess 6/0 over the upper surface 
of the airfoil at maximum lift is shown In figure 6. The 
shape parameter has an average value of I.3 and at no 
point approaches the value of 2.6, at which separation 
was found to be Imminent in the analysis of reference 3* 
A discontinuity in H Is fomd just downstream of the 
slot at 0.75c* boundary-layer profile at this point 

indicated tliat some Interference effects from the slot 
were present. 



CONCLUSIONS 



An NACA 653-CI8 airfoil section equluped with 
slots for boundary- layer control was tested In the 
Langley two-dimensional low- turbulence arid Langley two- 
dimensional low-turbulence pressure turjiels at Reynolds 
n-uraV*. ."s of I.9 and 6.0 x IC". Slots were tested at 30 
end 75 percent and at ij.5 and 75 percent of the a.1rfoll 
chord. Approximately twice as much air was removed 
through the rear slot as thro\]gh the forward slot. A 
comparison of the results of these tests with the results 
for a plain NACA 653- 018 airfoil section Indicated the 
f uj Iodine; conclusions : 

1. A mEucimum section lift coefficienj: rf 1.85 was 
obtained at a Reynolds number of 6.0 x ic'^ v.ith the 
NACA 653-018 airfoil section by using boundary- layer 
control. This lift coefficient was obtained with suction 
slots at 1|.5 and 75 percent of the airfoil chord. The 
low-drag characteristics of this airfoil section could 
be realized with thld arrangement when the r.lo'js were 
not operating by covering them with flush-tjpe doors. 
The total amount of air removed at this lift coefficient 
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Figure 3.- Variation of section lift coefficient with flow 
coefficient for the NACA 653-OI8 airfoil section with 
boundary-layer control. 
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(a) Slots at O.5O0 and O.750 In LTT. R, I.9 x 10^. 

Figure 4 .- Drag characteristics of NACA 65_-Ol8 airfoil section 
with and without boundary-layer control. ^ 
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Fig. 4c 
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(c) Slots at O.k<yo and 0.75c In TDT. R, 6.0 x 10^. 
Figure 4,- Concluded. 
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Figure 5.- Profile-drag ooefflclent equivalent to power required 
to discharge at free-atream total pressure air withdrawn from 
turbulent boundary layer c on NACA 65,-018 airfoil section 
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J'lgure 5.- Continued. 
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Figure 5,- Ooneluded. 
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Flow coefficient, Cq' 

(a) Airfoil with slots at 0.30c and 0.75c in LTT. R = 1.9 X 10^. 

Figure 6.- Ratio of air flow through rear slot to air flow 
through forward slot at several angles of attack for NACA 
663-018 airfoil section with boundary-layer control. 
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Figure 6.- Continued. 
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Flow coefficient, Cq 
(c) Airfoil with slots at 0.45c and 0.75c in TDT. R = 6.0 X 10^. 
Figure 6.- Continued. 
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c) Airfoil with slots at 0.45c and 0.75c in TDT. R =. 6.0 X 10^. Continued. 

Figure 6.- Continued. 
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Fig. 6c-Conc . 
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(c) Airfoil with slots at 0.45c and 0.75c in TDT. R = 6.0 X 10^. Concluded. 

Figure 6.- Concluded. 
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Onordwise station, x/c 

'^SS^S L;" distributions on. the HACA 65,-0l8 airfoil section 

with and without boundary-layer control. 5 
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Chordwlsc station, x/^ 
Figure Variation of botudary-layer shape parameter and momentum 
thickness on upper surface of NACA 65j-Ol8 airfoil section with boundary- 
layer control for two slot configurations. R, I.9 x 10^. 
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